In order to gain a better understanding of the role of p53 in radiation-induced mitotic failure, apoptosis and mutagenesis, we introduced the HPV16 E6 gene via a retroviral vector into the TK6 human lymphoblast cell line which expresses wild type p53. Abrogation of p53 function by E6 resulted in a delayed and reduced apoptotic response and a moderate increase in the frequency of mutations at the thymidine kinase (tk) locus following g-irradiation, but failed to alter radiosensitivity. The apoptotic response of the E6-transduced line was intermediate between that of wild type TK6 and the WTK1 cell line. WTK1 is derived from the same parental cell line as TK6 but expresses mutant p53. The spontaneous and g-ray-induced mutation frequencies in E6-transduced TK6 cells, although higher than that of the parental TK6 cell line, were still much lower than that of the WTK1 line. No eect on apoptosis, radiosensitivity or mutability was observed when the HPV16 E6 gene was introduced into the WTK1 cells. These results indicate that p53 does not regulate the radiosensitivity of TK6 cells through the apoptotic pathway. Furthermore, the previously observed enhanced radioresistance and mutability in WTK1 cells must be attributed to a more complex mechanism than p53 status alone.
Introduction
The p53 tumor suppressor gene plays an important role in the response of mammalian cells to ionizing radiation. Irradiation of cells carrying a wild type p53 gene results in an accumulation of p53 protein mainly through a post-translational mechanism (Maxwell and Roth, 1994) . As a transcriptional regulatory factor, p53 protein activates or suppresses the expression of downstream`eector' genes such as p21 WAF1/CIP1/SID1 , MDM2, Gadd45, Bcl-2, Bax. The products of these eector genes are critical in the regulation of the cell cycle (Kuerbitz et al., 1992; Harper et al., 1993) , programmed cell death or apoptosis (El-Deiry et al., 1994) , DNA repair and replication (Wilcock and Lane, 1991; Smith et al., 1994) . In addition, p53 protein may also be directly involved in DNA repair (Lee et al., 1995; Mummenbrauer et al., 1996) and the maintenance of genomic stability (Hartwell, 1992; Smith and Fornace, 1995) .
Despite its apparent involvement, however, it remains unclear whether the p53 protein is a key determinant in the response of human cells to ionizing radiation. For example, although the loss of wild type p53 function enhances the radioresistance of normal human ®broblasts , such a correlation is not always evident in certain transformed or tumor cell lines (Brachman et al., 1993; MacIlwrath et al., 1994; Huang et al., 1996) . In addition, the hypothesis that the p53-mediated transient G 1 block following irradiation enhances the ability of cells to repair DNA damage prior to DNA replication is challenged by the results of a recent investigation which found no signi®cant dierence in the type or frequency of total chromosomal aberrations in two isogenic glioma cell lines diering in their p53 status and the presence or absence of a radiationinduced G 1 block (Gupta et al., 1996) . Furthermore, information regarding how p53 aects radiationinduced mutagenesis is very limited.
Recent studies in two closely related human lymphoblast cell lines, TK6 and WTK1, have suggested a critical role for p53 in clonogenic survival, apoptosis, cell cycle delays, recombination and mutagenesis in irradiated cells Xia et al., 1995) . Derived from the same cell line (WI-L2) originally isolated from a male human spleen (Levy et al., 1968) , these two cell lines have very similar cytological and growth characteristics but dier in p53 status; while the TK6 cell line expresses wild-type p53, a point mutation has been identi®ed at codon 237 of the p53 gene in WTK1 Xia et al., 1995) and its parental WI-L2-NS line (Carrier et al., 1994) . This mutation apparently arose during serial passaging in vitro. WTK1 cells are less sensitive to radiation-induced cell killing but more susceptible to radiation-induced gene mutations at the hypothanthine-guanine phosphoribosyl transferase (hprt) and the thymidine kinase (tk) loci than TK6 cells (Amundson et al., 1993) . The radioresistance in the WTK1 cells has been attributed to a delayed apoptotic response while the greater mutability of the autosomal tk locus is thought to result from more frequent interand intramolecular recombination events (Xia et al., 1994 (Xia et al., , 1995 . It has been proposed that these dierences are related to the diering p53 status of the two cell lines (Xia et al., 1995) . It should be noted, however, that these cell lines apparently have other genetic dierences. For instance, WTK1 is homozygous for at least a part of the short arm of chromosome 17 while TK6 is heterozygous (Amundson et al., 1993) . In addition, the mutant p53 protein in the WTK1 cells appears to adopt predominantly a wild type conformation and still retains the ability to bind the third intron of the GADD45 gene (Carrier et al., 1996) . Therefore, the dierential radioresponse in the two cell lines may re¯ect factors other than p53 status.
If p53 function is indeed the key factor contributing to the radiosensitivity and mutability of these cell lines, one would expect that disruption of its function in the TK6 cells should alter their response to ionizing radiation. To this end, we introduced the E6 gene of human papillomavirus 16 (HPV16) into TK6 cells via a retroviral vector. Binding of the HPV16 E6 gene product to the wild type p53 protein facilitates its degradation (Schener et al., 1990; Crook et al., 1991) . We compared the radiosensitivity, mutation induction at the tk locus and apoptotic response between the parental TK6 cells and a clone designated TK6-E6-5E whose p53 function was abrogated by transduction with the exogenous HPV16 E6 gene. As a control to monitor other potential eects of the HPV16 E6 gene, WTK1 cells and a HPV16-E6 transduced derivative cell line, WTK1-E6-5A, were also included in this study.
Results
Abrogation of wild type p53 protein function by HPV16 E6 gene HPV16 E6 cDNA was introduced into the TK6 and WTK1 human lymphoblast cell lines by means of a retroviral vector carrying a neo selection marker. Numerous G418 r clones from both cell lines were isolated. PCR analysis using a pair of E6 speci®c primers was employed to verify the integration of the E6 cDNA into host cell genomic DNA (Figure 1a) . Clones TK6-E6-5E and WTK1-E6-5A, derived from TK6 and WTK1 respectively, were selected for the studies to be described. A vector control clone, TK6-E6-20C, was G418 resistant but carries a truncated E6 cDNA. All these derivative clones have a similar morphologic appearance and doubling time as their parental cells.
The p53 protein status in these cell lines was examined by Western blot analysis ( Figure 1b) . As expected based on previous reports Xia et al., 1995) , the basal level of p53 protein expression was much higher in the WTK1 cells than in the TK6 cells. Three hours after irradiation with 4Gy, an elevated p53 protein level was observed in the TK6 cells, which is assumed to be a result of protein accumulation by a post-translational mechanism in wild type p53 cells. While the vector control clone, TK6-E6-20C, showed a similar pattern as TK6 cells, the TK6-E6-5E clone which carries a full length E6 cDNA exhibited a low basal level p53 and the absence of p53 protein accumulation following irradiation. No signi®cant change in p53 expression was observed in irradiated WTK1 cells. Furthermore, the p53 protein pattern was similar in WTK1 and WTK1-E6-5A cells, indicating that the HPV16 E6 gene has no apparent eect on p53 protein levels in the WTK1 cells.
In order to determine if p53 protein retained the ability to transactivate target genes, the same Western blot membrane was probed with a monoclonal antibody against p21
is a p53 down-stream eector whose induction by ionizing radiation is p53-dependent (El-Deiry et al., 1994; Li et al., 1995a) . As can be seen in Figure 1b , p21
protein expression was induced by radiation only in the TK6 and the vector control clone TK6-E6-20C cells, but not in TK6-E6-5E cells. Additionally, no induction of p21 protein was observed in the WTK1 or WTK1-E6-5A cells, consistent with the presence of mutant p53 in these cells. These results indicate that the p53 function in TK6-E6-5E cells is abrogated.
Abrogation of p53 function does not alter radiosensitivity of TK6 cells
The eect of abrogation of p53 function on radiosensitivity was examined by a colony forming survival assay. Consistent with previous studies (Amundson et al., 1993; Little et al., 1995) , WTK1 cells showed an enhanced survival following irradiation as compared to TK6 cells ( Figure 2 ). Importantly, as is also shown in Figure 2 , the dose-response curves for the E6-expressing clone TK6-E6-5E and the vector control clone TK6-E6-20C did not dier from that of the TK6 cells, indicating that abrogation of p53 function by the WAF1/CIP1 proteins. Protein samples were extracted from either untreated control cells [7] or g-irradiated cells 3 h after exposure to 4 Gy [+] . Samples were resolved on a 10% SDS ± PAGE gel, transferred to a nylon membrane and probed with monoclonal antibodies. GAPDH was used as a loading control p53 expression and radiation response Y Yu et al E6 gene did not aect the radiosensitivity of TK6 cells. Moreover, the similarity in the survival curves for WTK1 and E6-transduced WTK1-E6-5A ( Figure 2 ) indicates that the transduced E6 gene by itself does not alter the radiosensitivity of these lymphoblast cell lines.
Delayed and reduced apoptosis induced by g-rays in TK6-E6-5E cells
To determine whether abrogation of p53 function has an impact on radiation-induced programmed cell death, the apoptotic response was monitored by agarose gel detection of DNA fragmentation ( Figure  3 ). Following a 1.5 Gy g-ray irradiation, TK6, TK6-E6-5E and WTK1 cells all underwent internucleosomal DNA degradation, forming the 180 ± 200 bp`DNA ladder' which is characteristic of apoptosis. Apparently, the WTK1 cells had less DNA fragmentation compared to the TK6 cells. There is also a subtle dierence in the extent of DNA laddering between the TK6 and the TK6-E6-5E cells, suggesting abrogation of p53 function in the TK6-E6-5E cell line may aect apoptosis. Since the ethidium bromide-stained gel electrophoresis can not quantify the number of cells that may be digesting their DNA (Eastman, 1995) , ā ow cytometric method (Fraker et al., 1995) was used to further evaluate apoptosis (Figure 4 ). Cells irradiated with 0 or 1.5 Gy were ®xed and stained with propidium iodide at dierent times post irradiation, and the percentage of apoptotic cells as evidenced by those containing a sub-G 1 DNA content was quanti®ed. As can be seen in Figure 4 , the background level of apoptosis was similar for TK6, WTK1, and TK6-E6-5E cells. Following irradiation, the TK6 cells underwent rapid apoptosis reaching a peak by 24 h and then declining, while the apoptotic response in the WTK1 cells was not only delayed but also reduced; the peak occurred at 48 ± 72 h post irradiation and was about 50% of that of TK6 cells. The peak level of apoptosis in TK6-E6-5E cells occurred by 48 h and appeared to be intermediate between the TK6 and WTK1 cells. Although the overall levels of apoptosis in the TK6 and TK6-E6-5E cells over the 96 h period appeared to be similar, the delayed response in the TK6-E6-5E cells resulted in less apoptosis occurring within the 24 h period post irradiation. The apoptotic response of the vector control line TK6-E6-20C was similar to that of the TK6 cells (data not shown).
Moderate increase of mutability in E6-transduced TK6-E6-5E cells
To examine whether the loss of p53 function changes the mutagenic response of TK6 cells to ionizing radiation, mutation induction at the tk locus by a single dose of 1.5 Gy g-irradiation was determined ( Figure 5 ). The background mutation frequency (MF) for the TK6 cells was 3.9+0.96610
76
. A fourfold increase of background MF (15.8+3.9610 76 was observed in the TK6-E6-5E cell line, although a slightly elevated (7.4+1.8610 76 ) background MF was also seen in the vector control cell line TK6-E6-20C. The dierence in background MF between the TK6-E6-5E and vector control line is signi®cant (t-test, P50.05), suggesting that the enhanced spontaneous mutagenic process in the TK6-E6-5E cell line is likely due to the abrogation of p53 function. The TK6-E6-5E cells also exhibited an enhanced mutation frequency in response to g-rays. After subtraction of the corresponding background MF, g-radiation induced an approxi- (Lane, 1992) . It has been reported that when cells expressing wild type p53 are irradiated or treated with other DNA damaging agents, many of them undergo immediate apoptotic death while others undergo a prolonged G 1 arrest (Kastan et al., 1991; Slichenmyer et al., 1993) . It has been hypothesized that apoptosis is a mechanism for eliminating heavily damaged cells from the population, while the G 1 arrest allows time for repair of DNA damage prior to its replication; cells lacking wild type p53 function lose the ability to apoptose or arrest in G 1 , and become genomically unstable (Slichenmyer et al., 1993) . In the present investigation, we have examined the role of p53 on radiation response in a pair of human lymphoblast cell lines, TK6 and WTK1, originally derived from the same donor, but diering in p53 status Xia et al., 1995) . It has been proposed that the increased radioresistance, hypermutable phenotype and delayed apoptotic response in the WTK1 cell line is a result of its loss of normal p53 function (Xia et al., 1995) . In the present study, however, we show that abrogation of p53 function in TK6 cells by HPV16 E6 gene does not result in a radiation response similar to that seen in the WTK1 cells.
It is generally thought that the p53 gene regulates radiosensitivity through cell cycle arrests and apoptosis (Lee and Bernstein, 1993; Slichenmyer et al., 1993) . In cells such as human diploid ®broblasts, radiation induces an irreversible G 1 block in a signi®cant fraction of cells (Little, 1968; Little and Nagasawa, 1985; through a p53-dependent mechanism (Di Leonardo et al., 1994; Li et al., 1995b, c) . Transfection of human ®broblasts with SV40 large T antigen (Su and Little, 1992a, b) or the HPV16 E6 gene , both of which bind p53 and inactivate its function, increased radioresistance. A correlation was found between the p53-dependent G 1 block induced by radiation and radiosensitivity in normal human diploid ®broblasts (Li et al., 1995c) . Such a correlation is less clear, however, in human transformed or tumor cell lines (Brachman et al., 1993; Slichenmyer et al., 1993; Murnane and Schwartz, 1993; MacIlwrath et al., 1994; Li et al., 1995c) , indicating the involvement of other factors in the radiosensitivity in these cells. Since both the TK6 and WTK1 lines showed a similar generation time and cell cycle pattern, as well as the lack of a signi®cant G 1 arrest following g-irradiation , it seems unlikely that the p53-dependent cell cycle perturbation observed in some types of cells plays a major role in the radiation sensitivity of these lymphoblast cells.
In cells lacking a radiation-induced G 1 block, radioresistance might be attributed alternatively to an alteration or lack of p53-mediated apoptosis (Slichenmyer et al., 1993) . For cells undergoing apoptosis, it is conceivable that the timing of the occurrence of apoptosis post-irradiation as well as its peak level may play an important role in determining cellular radiosensitivity as measured by clonogenic survival. It has been proposed that the dierential apoptotic response, assumed to be determined by p53 status, observed in TK6 vs WTK1 or W1-L2-NS cells is Figure 4 Apoptosis measured by¯ow cytometry: Cells were ®xed at a given time point and stained with PI followed by¯ow cytometric analysis. Two complete experiments were conducted each displaying a similar pattern; the ®gure is converted from representative¯ow cytometry pro®les from one of these experiments. The percentage of apoptotic cells was quanti®ed by calculating the percent of cells with a sub-G 1 DNA content Figure 5 Mutation induction at the tk locus. Each data point represents the mean of 3 ± 5 separate experiments +1 s.d. The spontaneous and g-ray-induced mutation frequencies (MF) are shown for each of the ®ve cell lines. Total number of mutants, including both normal and slow growing ones, were used to calculate MF p53 expression and radiation response Y Yu et al responsible for the dierence in their radiosensitivities (Schwartz et al., 1995; Xia et al., 1995; Zhen et al., 1995) . It was hypothesized that delayed apoptosis in the WTK1 may allow cells to divide at least once before apoptosis begins, thus eectively doubling the number of cells which were seeded for the measurement of colony forming ability in the clonogenic survival assay for radiosensitivity. Thus, reduced apoptosis during the ®rst one or two rounds of cell division post-irradiation in the WTK1 cells may lead to the persistence of the more heavily damaged cells which would have been eliminated by early apoptosis in the TK6 cell line. These residual damaged cells, although perhaps genomically unstable, could still form colonies and hence be scored as survivors in a colony formation assay, even though some of their progeny died of apoptosis at later times.
Our data indicate that although the apoptotic response and radiosensitivity may each individually be associated with and/or regulated by p53, radiosensitivity is not determined by the apoptotic response. Given that the doubling time is 12 ± 13 h for these cells and the fact that abrogation of p53 function by the HPV16 E6 gene in TK6-E6-5E cell line altered its early apoptotic response, one would expect a corresponding change in radiosensitivity if apoptosis associated with p53 function was indeed a major determinant in their radiosensitivity. The lack of any change in the survival curve for the E6 transduced TK6-E6-5E cells (Figure 2) suggests that radiosensitivity as measured by colony forming ability re¯ects a more complex combination of cellular events than simple p53-mediated apoptosis. Support for the conclusion that apoptosis may not be directly associated with radiosensitivity also comes from other studies. For example, it was reported recently that treatment of irradiated TK6 cells with caeine delayed and reduced p53 induction as well as suppressed apoptosis, but did not change clonogenic survival (Zhen et al., 1996) .
The delayed apoptotic response observed in the TK6-E6-5E cell line provides evidence that radiation may also induce apoptosis through a p53-independent pathway. The involvement of p53 in radiation-induced apoptosis has been demonstrated in a number of dierent cell types such as mouse thymocytes (Lowe et al., 1993) . Although apoptosis has been demonstrated in cells expressing mutant p53, as in the case of WTK1 (Xia et al., 1995) and its parental line, WI-L2-NS (Schwartz et al., 1995; Zhen et al., 1995) , it does not necessarily implicate a p53-independent mechanism since (1) certain mutant proteins may either adopt predominantly a wild type conformation or retain some p53 functions (Williams et al., 1995; Carrier et al., 1996) , and (2) most p53 mutations are in either DNA-binding or transactivation regions and therefore will result in the loss of p53 transactivation potential. p53-dependent apoptosis, however, may occur in the absence of transcriptional activation of p53-eector genes (Gottlieb et al., 1996) , indicating the direct involvement of the p53 protein in the process. Interestingly, the apoptotic response we observed in TK6-E6-5E cells showed a delayed and reduced pattern, intermediate between the TK6 and WTK1 cells. It is unknown whether the apoptosis observed in these cell lines re¯ect dierent apoptotic pathways.
With its important role in DNA replication, repair and cell cycle regulation, the wild-type p53 gene is presumed to preserve genomic stability. Indeed, several studies have shown that loss of wild type p53 function is associated with genomic instability as re¯ected by such biological endpoints as gene ampli®cation (Livingstone et al., 1992; Yin et al., 1992) and increased chromosomal aberrations (Rezniko et al., 1994) . It is not clear, however, whether loss of wild type p53 function may also enhance mutagenesis as part of the instability phenotype. In the present study, a moderate increase in both the spontaneous and radiation-induced mutation frequencies at the tk locus was observed in the TK6-E6-5E cells. For the tk locus, an increased mutation frequency may result from an increase in inter-chromosomal recombinational events, as has been implicated in WTK1 cells (Xia et al., 1994) . The increased mutation frequency at the tk locus in the TK6-E6-5E cells thus may not be unexpected since loss of p53 function by various means, including gene loss, dominant negative p53 mutation, or transfection with SV40 large T antigen or the HPV16 E6 gene, has been shown to increase the recombination rate in a plasmid based assay by more than 100-fold in some human tumor cell lines (Mekeel et al., manuscript submitted). It should be noted that the spontaneous and induced mutation frequencies at the tk locus in the TK6-E6-5E cells, although higher than those in the TK6 cells expressing wild type p53, are still considerably lower than those in the WTK1 cells ( Figure 5 ).
In summary, loss of wild type p53 expression in human TK6 cells led to a change in the kinetics of apoptosis and a moderate increase in mutability, but no change in radiosensitivity as measured by colony forming ability. These results suggest that the increased radioresistance and markedly hypermutable phenotype of the WTK1 cell line cannot be explained on the basis of the loss of p53 function alone. Although we can not exclude the possibility that the radioresponse of WTK1 cells may result from a`gain of function' as a consequence of the p53 point mutation, it is evident that at least certain important p53 functions, such as transactivation activity for down-stream eector genes, is lost in this cell line as the result of this dominant negative mutation. Our previous study (Li et al., 1995c) with various p53 (7) tumor cell lines (®ve with p53 dominant negative mutations and four with p53 null status) revealed no signi®cant dierence in radiosensitivity that could be attributed to the means by which the cells lost wild type p53 function. Similarly, it has been reported that gene loss, dominant negative mutation and HPV16 E6 gene transfection all increased recombination rates in human normal and tumor cell lines to the same extent (Mekeel et al., submitted) . These results suggest that any`gain of function' due to dominant negative p53 mutations is not a universal phenomenon in radiosensitivity and mutation-related processes. Multiple cellular factors must control the response of human cells to irradiation.
Materials and methods

Cell culture
The TK6 and WTK1 human lymphoblast cell lines have been described in detail previously (Amundson et al., p53 expression and radiation response Y Yu et al 1993). Cells were routinely maintained in suspension culture in RPMI 1640 medium containing 10% heatinactivated horse serum at 378C in 5% CO 2 /95% air and 100% humidity. The cell density in the culture was maintained at 0.1 to 1610 6 cells/ml by subculture at regular intervals.
Transduction of cells with retroviral vector
The retroviral vector containing the full length HPV16 E6 gene cDNA and a neo marker was kindly provided by Dr Denise Galloway of The Fred Hutchinson Cancer Research Center in Seattle, Washington. The retrovirus stock was collected from the supernatant of virus producing PA317 cells (Miller and Rosman, 1989) . About 2610 6 TK6 and WTK1 cells were pelleted after PBS washing and resuspended in 1 ml retrovirus stock and 3 ml medium containing 4 mg/ml polybrene (hexadimethrine bromide), and the mixture was incubated at 378C for 2 h. Then, 5 ml of additional medium containing polybrene was added and the mixture was incubated at 378C for an additional 5 h. After the removal of the viral vector, cells were washed once with regular medium and resuspended in fresh medium without polybrene. Forty-eight hours after the start of the infection, cells were seeded at 100 to 5000 cells/ well in 96-well microtiter dishes in medium containing G418 (Geneticin). The G418 concentrations for TK6 and WTK1 cells were 0.8 mg/ml and 1.5 mg/ml, respectively. Two weeks later, G418 resistant clones were isolated and recloned by limiting dilution (seeded at 0.2 cell/well in a 96-well dish). The integration of the HPV16 E6 cDNA into G418 r clones was con®rmed by PCR analysis as described previously .
Western blot analysis
Protein samples were extracted as previously described . Brie¯y, cells were washed with cold PBS and lysed on ice for 20 min in a lysis solution consisting of 50 mM Tris-HCl at pH 8.0, 150 mM NaCl, 0.02% sodium azide, 1% Nonidet P-40, 100 mg/ml phenylmethylsulfonyl¯uoride, 1 mg/ml aprotinin. Following a centrifugation, supernatant containing protein was collected. Protein concentration was quanti®ed by use of a Bio-Rad Protein Assay Kit. Equal amounts of protein were loaded into each lane of a 10% polyacrymide gel prepared from ProtoGel Kit (National Diagnostics), electrophoresed, and blotted onto a polyvinyylidene di¯uoride membrane. Monoclonal antibodies (from Oncogene Science, Inc) were used as the primary antibody. The signals were then detected by a chemoluminescent method with the ECL system from Amersham.
Cell survival and mutagenic assays
Cells in exponential growth were irradiated at room temperature with a single dose of 0 to 4 Gy g-rays from a 60 Co irradiator at a dose rate of *7.5 Gy/min. Immediately after irradiation, cells were seeded in 96-well dishes in complete medium at densities of 1 ± 100 cells/well, depending upon the radiation dose, and incubated at 378C for 10 ± 14 days to allow for colony formation. Survival was calculated as previously described (Furth et al., 1981) and expressed as a percentage normalized to that of untreated cells (as 100%). For mutagenic assays, cells were treated with CHAT and THC as previously described (Amundson et al., 1993) to eliminate pre-existing mutants before irradiation with 1.5 Gy 60 Co g-rays. Treated and control cells were cultured in normal medium for 3 days to achieve full TK-phenotypic expression. Cells were then seeded in 96-well dishes in selective medium (2.0 mg/ml tri¯uorothymidine, TFT) at densities of either 4610 4 cell/ well for TK6 or 500 cells/well for TK6 expressing HPV16 E6 and WTK1 cells. After an initial 11-day incubation, plates were scored for normal growing TFT r colonies, fed with fresh selective medium and incubated for an additional 7 days. Slow growing TFT r colonies were then scored. The mutant frequency which included both normal and slow growing mutants, was determined as described previously (Furth et al., 1981) , after correction for the cloning eciency of the cells at the end of the expression time in non-selective medium. No dierences in the ratio of normal to slow growing mutants were observed among the ®ve cell lines studied. The signi®cance of dierences between mutation frequencies was determined by a student t-test.
DNA fragmentation assay for apoptosis
Low molecular weight DNA was extracted from cells by use of the method described by Kondo et al. (1995) with modi®cation. Brie¯y, 2 ± 20610 76 cells were collected, washed and resuspended in lysis buer (10 mM Tris-HCl, 10 mM EDTA and 0.2% Triton X-100). After a 10 min incubation on ice followed by a centrifugation, the supernatant containing low molecular weight DNA, and RNA was collected and treated with RNase and Proteinase K, followed by extraction with phenol and phenol/ chloroform. The DNA was then precipitated, air dried and resuspended in TE buer. A total of 100 mg DNA of each sample was loaded onto a 2% agarose gel, electrophoresed and photographed.
Apoptosis measured by¯ow cytometry
Apoptotic cell death was examined by measuring DNA content using¯ow cytometry (Fraker et al., 1995) . Approximately 1610 6 cells were collected, washed and resuspended in 200 ml PBS. Then 800 ml of 70% ethanol was added to the cell suspension and the mixture was incubated overnight at 48C to ®x the cells. Fixed cells were pelleted, resuspended in 30% ethanol and incubated for 2 min on ice, followed by a short centrifugation. The cell pellet was resuspended in PBS containing 0.05% BSA and incubated on ice for 2 min. Cells were then pelleted and stained in the dark for at least 1 h with 50 mg/ml propidium iodide in 0.5 ml PBS containing 40 mg/ml RNase A. Stained cells were analysed by¯uorescence activated¯ow cytometry.
